The Ca 2؉ /calmodulin (CaM)-dependent protein kinase II (CaMKII)␤ has morphogenic functions in neurons not shared by the ␣ isoform. CaMKII␤ contains three exons (v1, v3, and v4) not present in the CaMKII␣ gene, and two of these exons (v1 and v4) are subject to differential alternative splicing. We show here that CaMKII␤, but not ␣, mediated bundling of F-actin filaments in vitro. Most importantly, inclusion of exon v1 was required for CaMKII␤ association with the F-actin cytoskeleton within cells. CaMKII␤e, which is the dominant variant around birth and lacks exon v1 sequences, failed to associate with F-actin. By contrast, CaMKII␤, which instead lacks exon v4, associated with F-actin as full-length CaMKII␤. Previous studies with CaMKII␤ mutants have indicated a role of nonstimulated kinase activity in enhancing dendritic arborization. Here, we show that F-actin-targeted CaMKII␤, but not ␣, was able to phosphorylate actin in vitro even by nonstimulated basal activity in absence of Ca 2؉ /CaM. In rat pancreatic islets and in skeletal muscle, the actin-associated CaMKII␤ and ␤M were the predominant variants, respectively. Thus, cytoskeletal targeting may mediate functions of CaMKII␤ variants also outside the nervous system.
INTRODUCTION
Changes in synaptic connectivity between neurons are widely thought to underlie higher brain functions such as learning and memory and are also important during development. Long-lasting changes in connectivity are often associated with morphological plasticity in structure or number of synaptic connections (for reviews, see Huntley et al., 2002; McGee and Bredt, 2003; Lamprecht and LeDoux, 2004; Segal, 2005) . The ␣ isoform of Ca 2ϩ /calmodulin(CaM)-dependent protein kinase II (CaMKII) has been studied extensively because of its prominent role in regulating the strength of individual synaptic connections (for examples, see Malinow et al., 1989; Silva et al., 1992; Giese et al., 1998 ; for reviews, see Malenka and Nicoll, 1999; Lisman et al., 2002; Griffith, 2004) . Much less is known about the other major brain isoform, CaMKII␤. However, CaMKII␤ has specific morphogenic functions in regulating dendritic arborization and synapse density not shared by the ␣ isoform (Fink et al., 2003) . This isoform specificity is thought to be mediated by the specific binding of CaMKII␤, but not ␣ to F-actin (Shen et al., 1998; Fink et al., 2003) .
The four CaMKII isoforms encoded by different genes (␣, ␤, ␥, and ␦) are highly homologous to each other and can phosphorylate and regulate a variety of substrate proteins in response to Ca 2ϩ signals (for reviews, see Soderling et al., 2001; Hudmon and Schulman, 2002; Lisman et al., 2002; Colbran and Brown, 2004) . The multimeric CaMKII holoenzymes are composed of 12 subunits (Kolodziej et al., 2000; Morris and Torok, 2001; Rosenberg et al., 2005; Rosenberg et al., 2006 ) of a single isoform or combinations of different isoforms (Bayer et al., 1998; Shen et al., 1998; Brocke et al., 1999; Lantsman and Tombes, 2005) . All CaMKII isoforms contain an N-terminal kinase domain and a C-terminal association domain, connected by a variable linker region that is subject to alternative splicing (see Figure 1) . Within a holoenzyme, each subunit is activated separately by Ca 2ϩ / CaM; however, binding of Ca 2ϩ /CaM to two neighboring subunits initiates an intersubunit autophosphorylation at T286 (or T287 in ␤, ␥, and ␦) that renders the kinase autonomous (active in the absence of Ca 2ϩ /CaM) (Hanson et al., 1994; Rich and Schulman, 1998) . This autophosphorylation may have a molecular memory function (for review, see Lisman and McIntyre, 2001 ) and enables Ca 2ϩ -spike frequency decoding by CaMKII (De Koninck and Schulman, 1998; Bayer et al., 2002) . At least one CaMKII isoform is present in every tissue examined (Tobimatsu and Fujisawa, 1989; Bayer et al., 1999) . However, CaMKII is especially enriched in the brain, where the ␣ and ␤ isoforms can constitute up to 1-2% of total protein (Erondu and Kennedy, 1985) . Although CaMKII␣ is exclusively expressed in neurons, CaMKII␤ is additionally found in skeletal muscle and in endocrine cells such as pituitary, adrenal glands, and pancreatic ␤ cells (Tobimatsu and Fujisawa, 1989; Urquidi and Ashcroft, 1995; Bayer et al., 1998; Rochlitz et al., 2000; Tabuchi et al., 2000) . CaMKII is thought to regulate Ca 2ϩ homeostasis in muscle (Wang and Best, 1992; Xu et al., 1993; Hain et al., 1995) and insulin secretion and production in pancreatic beta cells (Wasmeier and Hutton, 1999; Tabuchi et al., 2000; Osterhoff et al., 2003 ; for review, see Easom, 1999) .
Structurally, the most striking difference between the CaMKII isoforms is within the variable linker region that connects the kinase and association domains (for review, see Hudmon and Schulman, 2002; Tombes et al., 2003) . For example, the CaMKII␣ gene does not contain any se-quences homologous to the CaMKII␤ variable exons v1, v3, and v4 (Figure 1 ), whereas the CaMKII␤ gene does not contain a homologue to an insert that mediates nuclear targeting of the CaMKII␣ splice variant ␣B (Srinivasan et al., 1994; Heist et al., 1998) . Thus, we hypothesized that sequences encoded by the exons v1, v3, and/or v4 are involved in CaMKII␤-specific targeting to the F-actin cytoskeleton. At least CaMKII␤ exons v1 and v4 are subject to alternative splicing in brain. Although expression of CaMKII␤ dominates in mature brain, expression of CaMKII␤e, which lacks exon v1, dominates in brain around and before birth (Brocke et al., 1995) . Interestingly, alternative splicing of exons v1 (lacking in ␤e and ␤eЈ) and v4 (lacking in ␤Ј and ␤eЈ) is differentially regulated even among individual mature hippocampal CA1 pyramidal neurons, with most neurons expressing exclusively one splice variant (Brocke et al., 1999) . Thus, tightly regulated alternative splicing may control expression of differently actin-associated CaMKII␤ variants, thereby possibly affecting the morphogenic functions of CaMKII␤ in dendritic arborization and/or synapse density. Results of this study summarized in Figure 1 show that CaMKII␤ and ␤Ј, but not ␤e, associated with the F-actin cytoskeleton, demonstrating a developmental switch between differently targeted splice variant.
MATERIALS AND METHODS

F-Actin Bundling Assays by Centrifugation and Electron Microscopy
Purified actin from chicken muscle was a kind gift by Dr. R. Rock (Department of Biochemistry, Spudich Lab, University of California, Stanford, CA).
CaMKII␣ or ␤ was purified from a baculovirus/Sf9 expression system on a phosphocellulose column followed by gel filtration chromatography, as described previously (Singla et al., 2001; Bradshaw et al., 2002; Fink et al., 2003) . Actin (4 M) was polymerized on ice in F-buffer (25 mM HEPES, pH 7.4, 50 mM KCl, 2 mM MgCl 2 , 1 mM EGTA, 0.5 mM dithiothreitol [DTT] , and 0.2 mM ATP). CaMKII (170 nM subunits), 3 M CaM, and/or 2 mM CaCl 2 were added as indicated and binding was assessed as described previously (Fink et al., 2003) . However, sedimentation was carried out at lower centrifugation speed (10,000 ϫ g) for 20 min. Both F-actin and CaMKII were spun under the same condition before the binding assay. Supernatants and pellets were analyzed for actin and CaMKII␣ or ␤ by Western blot analysis with the specific antibodies anti-actin 20 -33 (rabbit polyclonal; 1:500 in 2% bovine serum albumin [BSA] ; Sigma-Aldrich, St. Louis, MO), CB␣2 or CB␤1 (mouse monoclonals; 1:2000 and 1:1000 in 2.5% milk), respectively (Bayer et al., 1998; Fink et al., 2003) .
For electron microscopy, actin was polymerized, and kinase was added as described above. Copper grids were coated with Formvar and carbon and then glow discharged. Approximately 10 l of the actin/kinase mix was applied to the copper grids for 2 min and excess liquid was wicked away with blotting paper. Grids were stained with 1-2% uranyl acetate for 2 min and then briefly rinsed in distilled water. Excess liquid was removed, and grids were allowed to dry. Electron microscopy was performed on a Tecnai G 2 BioTwin (at 80 kV and 49,000 magnification) in the electron microscopy core facility of University of Colorado Health Sciences Center (Aurora, CO).
Reverse Transcription-Polymerase Chain Reaction (RT-PCR) Expression Analysis
Pancreatic islets from Sprague Dawley rats (Harlan, Indianapolis, IN) were isolated at the islet core facility of the Diabetes and Endocrine Research Center at University of Colorado Health Sciences Center. Total cellular RNAs were prepared using RNAqueous-4PCR (Ambion, Austin, TX). SuperScriptIII reverse transcriptase (Invitrogen, Carlsbad, CA) was used for cDNA synthesis, primed with both random decamers and 12-18mer oligo(dT). PCR amplification for expression analysis was done with Platinum-Taq (Invitrogen) and CaMKII␤-specific primers flanking the variable region (bvf, GACAG-GAGACTGTGGAATGTC and bvr, TCAAAGTCGCCGTTGTTGAC) for 40 cycles with 15-s denaturation at 94°C for 20 s, annealing at 55°C, and 90-s elongation at 72°C (shorter elongation times favored shorter PCR products from skeletal muscle cDNA, corresponding in length to ␤ instead of ␤M; our unpublished data). RT-PCR products were separated on 2% agarose gels in TAE-buffer, and stained with ethidium bromide (0.1 g/ml gel). For direct sequencing, RT-PCR products were purified using QIAquick (QIAGEN, Valencia, CA).
Cell Culture, Transfection, and Constructs
Cos-7 cells were cultured on glass-bottomed dishes (30 mm with 12-mm glass bottom; MatTek, Ashland, MA) and transfected by the calcium phosphate method as described previously (Bayer et al., 1998 (Bayer et al., , 2001 (Bayer et al., , 2006 ). An enhanced green fluorescent protein [EGFP] A207K mutant with reduced dimerization was used to create membrane-associated form of green fluorescent protein (mGFP)-CaMKII constructs (Zacharias et al., 2002; Bayer et al., 2006) . Vectors for expression of unlabeled or hemagglutinin (HA)-tagged CaMKII splice variants were described previously (Brocke et al., 1995; Bayer et al., 2002) ; SacI/PmlI fragments were exchanged to create the mGFP fusion protein (the SacI site in the multiple cloning site of the original mGFP-CaMKII␤ was deleted by religation after XhoI/EcoRI cut). mGFP-CaMKII␤ K43R, A303R, and T287D were created by exchanging cyan fluorescent protein in previously described constructs (Bayer et al., 2002) with mGFP. mGFP-CaMKII␤⌬3 was created by PCR mutagenesis by using mGFP-CaMKII␤e as a template and primer combination that flanked the exon v3 and v4 sequences. After sequencing of a positive clone, a SacI/PmlI fragment was exchanged with the original vector as described above to avoid possible PCR-generated mutations in the vector sequence.
F-Actin Staining and Microscopy
mGFP-CaMKII localization in Cos-7 cells was analyzed 2 d after transfection. Scoring of actin cytoskeletal localization in live cells was done on a Nikon TE-300 inverted microscope with a 63ϫ objective, blind of the mGFP-CaMKII variant used. Fifty or all transfected cells per dish were scored; eight dishes were analyzed for each construct. Alternatively, cells were fixed in 4% paraformaldehyde in 100 mM phosphate buffer, pH 7.2, for 10 min at room temperature, permeabilized for 20 -30 min in 0.1% Triton X-100 in phosphatebuffered saline (PBS), and F-actin was stained by 165 nM Texas Red-phalloidin (Invitrogen) in PBS for 30 min. Images were taken on a Zeiss Axiovert 200M microscope (Carl Zeiss, Thornwood, NY) equipped with a 63ϫ planapo/1.2 numerical aperture objective, 175-W xenon light source, independently controlled excitation and emission filter wheels, and a CoolSnapHQ camera (Roper Scientific, Trenton, NJ). Fluorescence images were acquired blind of the mGFP construct and analyzed for GFP/Texas Red colocalization correlation index by using SlideBook software (Intelligent Imaging Innova- Figure 1 . CaMKII variants and their F-actin localization based on results of this study. Schematic representation of individual isoforms (left) and holoenzyme structure (right). CaMKII␣ and ␤ differ most in the variable region; however, they are products of different genes and thus also have minor differences in the kinase and association domain. Bottom, exon/intron structure of the CaMKII␣ and ␤ gene loci coding for the variable regions, with alternative splicing indicated. ␤⌬3 is a deletion mutant, not a splice variant found in brain (see Supplemental Figure 2 ). Subcellular localization of the kinase variants (see Figure 3 ) implicated necessity of exon v1 (boxed) for association with the F-actin cytoskeleton.
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Vol. 17, November 2006tions, Denver, CO). Six images 0.5 m apart in the z-plane were taken per cell, deconvoluted, and maximum projected.
Fluorescence Recovery after Photobleaching (FRAP) Analysis
Motility of mGFP-CaMKII variants in transfected Cos-7 cells was analyzed by FRAP on the Zeiss imaging setup described above, at 30°C in 50 mM HEPESbuffered, pH 7.4, Hank's balanced saline. Bleaching was done using a micropoint FRAP system (Photonic Instruments, St. Charles, IL), and images were acquired every 5 s; the first image acquisition possible on the setup was ϳ2 s after bleach (set to t ϭ 0 s). Background fluorescence, measured outside cells, was subtracted. The average fluorescence intensity during 60 s before bleach was rescaled to 1, and the intensity on the first image after bleach was rescaled to 0. Photobleach caused by image acquisition was minimal and was not corrected for in the data presentation. The slope (k) and maximum (y max ) of the recovery curves was determined by curve fit to the single exponential association function y ϭ y max * (1 Ϫ e Ϫkx ) in GraphPad Prism software (GraphPad Software, San Diego, CA). For calculating bleach efficiency, intensity before bleach was rescaled to 0%, and background intensity was rescaled to Ϫ100%. To correct the estimate of the recoverable pool for recovery occurring even before the first test image, intensity of the first live image after bleach was rescaled to apparent bleach efficiency in this image divided by the real bleach efficiency as measured in fixed cells (instead of rescaling it to 0). The estimate of the actual recoverable pool was not corrected for reduction in the total fluorescence within cells caused by the bleach.
F-Actin Phosphorylation Assay
Purified CaMKII (100 nM subunits) was added to 4 M actin polymerized in F-buffer as described above. The kinase/actin mix was then diluted 1:5 into phosphorylation buffer (25 mM HEPES, pH 7.4, 50 mM KCl, 20 mM MgCl 2 , 0.2 mM [␥-32 P]ATP at 0.5 Ci/mmol, and 1.2 mM EGTA) and incubated for 15 min at 30°C to measure phosphorylation by basal activity. Stimulated phosphorylation was induced for 3 min by a mix that contained 2 mM CaCl 2 and 1 M CaM instead of EGTA. CaMKII inhibitors were added as indicated. To assess phosphorylation of kinase and actin, the reaction mixes were separated on SDS-gels, blotted onto nitrocellulose membrane, and subjected to autoradiography.
In a similar assay, mGFP-CaMKII␤ wild type and K43R in extracts from transfected Cos-7 cells were used, with extracts of mock-transfected cells as control. Cos-7 cells were extracted in HB (50 mM PIPES, pH 7.2, 10% glycerol, 1 mM EGTA, 1 mM DTT, and 1X Boehringer protease inhibitor cocktail), and kinase was solubilized with 150 mM sodium perchlorate before a 20-min 16,000 ϫ g centrifugation at 4°C. The extract supernatants were adjusted for amount of kinase (as determined by GFP fluorescence) and total Cos protein (using extracts from mock-transfected cells; determined by Bradford assay with BSA standard). Adjusted extracts were centrifuged for 60 min at 100,000 ϫ g. The sodium perchlorate was removed from the supernatants using Microcon YM-100 spin columns (Millipore, Billerica, MA), yielding the final extracts used in the phosphorylation reactions.
RESULTS
F-Actin
Bundling by CaMKII␤, but Not ␣ Based on the multimeric holoenzyme structure (Figure 1) , we hypothesized that CaMKII␤ may be able to interact with several F-actin filaments simultaneously. Formation of such large F-actin complexes can be assessed in vitro by lowspeed sedimentation assays. Although individual filaments are sedimented at 100,000 ϫ g, presence of a cross-linking protein is required for F-actin sedimentation at 10,000 ϫ g. Indeed, F-actin was sedimented at low speed only in presence of CaMKII␤ ( Figure 2A ). As previously described for binding, formation of large CaMKII␤/F-actin complexes was disrupted by Ca 2ϩ /CaM; either Ca 2ϩ or CaM alone was not sufficient to disrupt these complexes (Figure 2A ). By contrast, CaMKII␣ did not result in F-actin sedimentation under any conditions.
To examine the nature of the larger F-actin/CaMKII␤ complexes, electron microscopy was performed after negative staining with uranyl acetate. Without kinase or in presence of CaMKII␣, no formation of extensive actin filament bundles was observed ( Figure 1B and Supplemental Figure  1 ), as expected. By contrast, addition of CaMKII␤ resulted in formation of F-actin bundles with multiple parallel filaments ( Figure 2C ). Additionally, in some areas CaMKII␤ seemed to cross-link filaments without bundle formation ( Figure 2C , right). In these areas, particles of CaMKII holoenzyme size (ϳ25 nm in diameter) were observed associated with the actin filaments. Similar particles were also seen associated with the F-actin bundles. Although such particles also may be present within the tightly packed bundles, they could not be clearly distinguished in such location ( Figure 2C ).
CaMKII␤ and ␤, but Not ␤⌬3 or ␤e, Associated with the Actin Cytoskeleton We hypothesized that the ␤ variable exons v1, v3, and/or v4, which are lacking in the ␣ isoform, are necessary for F-actin association (Figure 1 ). CaMKII␤e and ␤Ј lack exons v1 and v4, respectively. By contrast, no splice variant lacking exon v3 was detected in rat brain (Supplemental Figure 2) . Thus, we generated a CaMKII␤ mutant (␤⌬3) that lacks exons v1, v3, and v4. mGFP fusion proteins of the CaMKII␣ and ␤ isoforms, the ␤⌬3 mutant, and the splice variants ␤Ј, ␤e, and ␤M ( Figure 1) were expressed in Cos-7 cells, and their subcellular localization was analyzed (Figure 3) . First, apparent F-actin localization (stress fibers, cortical actin, and membrane ruffles) of the GFP fluorescence in live cells was scored into three categories (strong, mild, and no apparent F-actin localization) ( Figure 3A) . Then, cells were fixed and F-actin was stained with phalloidin-Texas Red, and the in- dex of GFP/Texas Red colocalization was determined on deconvoluted images ( Figure 3B ). Examples of phalloidinstained transfected Cos-7 cells are shown in Figure 3C . As hypothesized, CaMKII␤⌬3 did not associate with F-actin structures. Even lack of exon v1 alone, in the splice variant ␤e, was sufficient to disrupt F-actin association. Localization of both ␤⌬3 and of ␤e was indistinguishable from CaMKII␣ localization in both analysis methods. By contrast, lack of exon v4 in ␤Ј did not reduce F-actin association seen for the full-length CaMKII␤. CaMKII␤M contains an additional insert C-terminal of exon v5 (Figure 2 ) that generates putative binding sites for Src homology 3 (SH3) domains (Bayer et al., 1998) . Localization of ␤M, ␤, and ␤Ј were indistinguishable in the scoring analysis in live cells ( Figure 3A) . After phalloidin stain, the F-actin colocalization coefficient for ␤M was significantly higher than for ␣, ␤⌬3, and ␤e; however, it was lower compared with ␤ and ␤Ј ( Figure 3B ). This may reflect association of the ␤M variant with additional subcellular targets, as has been speculated previously based on putative SH3 binding (Urquidi and Ashcroft, 1995; Bayer et al., 1998) . Together, the results clearly indicate that the variable region exon v1, which is lacking in CaMKII␤e, is necessary for localization to the actin cytoskeleton within cells (for overview, see Figure 1 ).
CaMKII␣ and ␤e Were More Mobile within Cells than ␤ and ␤
To further probe into differential subcellular anchoring of the CaMKII isoforms and splice variants, we used FRAP of the mGFP fusion proteins expressed in Cos-7 cells (Figure 4) . FRAP of the nonactin binding CaMKII␣ and ␤e was indistinguishable from each other and relatively fast ( Figure 4A ) (k ϭ 5.79 Ϯ 0.26 and 5.12 Ϯ 0.29 min Ϫ1 , respectively, after curve fit to single exponential association). Fluorescence recovered almost completely (ϳ90%) within 2 min, indicating that ␣ and ␤e are mobile and not persistently targeted to any subcellular structures within Cos-7 cells. FRAP of CaMKII␤ and ␤Ј was also similar to each other, but significantly different from ␣ and ␤e FRAP ( Figure 4A ). FRAP was slower (k ϭ 1.55 Ϯ 0.08 and 2.15 Ϯ 0.09 min Ϫ1 , respectively) and fluorescence recovered only partially (ϳ50%). This indicates that a significant pool of ␤ and ␤Ј remained persistently bound to F-actin and did not exchange in the unstimulated Cos-7 cells. Examples of ␤e and ␤Ј FRAP images are shown in Figure 4A . In addition to bleaching ␤e in its typical evenly distributed localization ( Figure 4A , first row), we also bleached ␤e enriched in actin-like structures ( Figure 5A , second row), which is more typical for ␤ or ␤Ј localization ( Figure 4A , third row). FRAP of ␤e was equally fast and complete in both localizations, indicating that any apparent actin-like localization of ␤e is different in nature from the more extensive actin association of ␤ or ␤Ј.
Apparent bleach efficiencies for mGFP-CaMKII␣ and ␤e in live cells were only about one-half of that seen for ␤ and ␤Ј ( Figure 4B ). This is probably because of significant diffusion of ␣ and ␤e even during the time between the bleach and acquisition of the first image (ϳ2 s). Indeed, mGFP-CaMKII␣ and ␤ showed the same bleach efficiency in fixed cells, which was also undistinguishable from the apparent bleach efficiencies for ␤ and ␤Ј in live cells ( Figure 4B) . Thus, the recoverable pool of ␣ and ␤e during FRAP is even higher than initially estimated from the rescaled fluorescence recovery shown in Figure 4A (ϳ95% instead of ϳ90%). Notably, monomeric mGFP alone typically showed only minimal apparent bleach efficiency but in a much larger apparent bleach area (our unpublished data). Thus, FRAP of the soluble ␣ and ␤e is probably resolvable in our experimental setup only because of relatively slow diffusion of the large mGFP-CaMKII holoenzymes (Ͼ900 kDa).
Localization of CaMKII␤ Mutants
CaMKII␤ and several of its mutants were previously tested for their effect on dendritic arborization of hippocampal neurons in dissociated culture (Fink et al., 2003) . We have now quantified the actin cytoskeletal localization of these CaMKII␤ mutants in Cos-7 cells ( Figure 5 ). A303R (impaired for CaM binding) and K43R (impaired for ATP binding) localized to F-actin similarly as wild type. However, in the live cell scoring, A303R seemed to localize even stronger than wild type (p Ͻ 0.05 in two-tailed t test) ( Figure 5 ). A303R does not disperse from F-actin upon Ca 2ϩ signals (Shen and Meyer, 1999) , likely because of impaired CaM binding; this seems to mildly enhance localization even in unstimulated cells. By contrast, the CaMKII␤ mutant T287D (constitutively active) did not show F-actin colocalization ( Figure 5 ). T287D mimics autophosphorylation at T287, indicating that T287 autophosphorylation is involved in regulation of actin binding, either directly or by increasing affinity for Ca 2ϩ /CaM (Meyer et al., 1992) . The T287D mutant had significantly lower effect on dendritic arborization than wild type (Fink et al., 2003) , further supporting functional importance of cytoskeletal localization of CaMKII␤.
F-Actin Phosphorylation by Basal Activity of Bound CaMKII␤
The CaM-binding impaired CaMKII␤ mutant A303R enhanced dendritic arborization in hippocampal neurons, whereas the ATP-binding impaired K43R mutant did not (Fink et al., 2003) , indicating a possible role for CaM-independent kinase activity. Could F-actin binding directly enhance CaM-independent CaMKII activity? CaMKII␤ binding to F-actin did not increase phosphorylation of a substrate peptide, indicating that the activation state of the kinase was not changed (Fink et al., 2003) . However, CaMKII can autophosphorylate at residues other than T286/T287, even by its basal activity (Colbran, 1993) , that is, by activity without Ca 2ϩ /CaM stimulation or phosphorylation at T286/287 ( Figure 6 ) (T286/T287 autophosphorylation requires binding of Ca 2ϩ /CaM to make T286/T287 accessible as a substrate, in addition to kinase activation; Hanson et al., 1994; Rich and Schulman, 1998) . Thus, we hypothesized that basal activity of targeted CaMKII␤ could similarly suffice to phosphorylate other substrate proteins that are anchored in the right position. Indeed, purified CaMKII␤ phosphorylated F-actin in vitro even by nonstimulated basal activity, whereas the nonactin-binding CaMKII␣ isoform did not ( Figure 6 ). This is not because of differential substrate preference of the isoforms, because CaMKII␣ did phosphorylate actin at least as well as CaMKII␤ when stimulated by Ca 2ϩ / CaM (Figure 6 ). The phosphorylated actin-sized band was only observed in presence of actin, but not when actin was omitted or substituted for BSA, or when CaMKII␤ was omit- , and T287D (constitutively active) were tested for F-actin localization in Cos-7 cells by live scoring (n ϭ 8) or correlation with phalloidin stain (n ϭ 9) as described in Figure 3 . CaMKII␤ T287D and CaMKII␣ (**) showed significantly less F-actin localization than any other variant (p Ͻ 0.0005 in two-tailed t test), and they did not differ from each other. ␤ A303R (*) showed slightly increased actin localization in the live scoring (p Ͻ 0.05 for the strong localization category).
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Vol. 17, November 2006ted (Supplemental Figure 3) . The CaMKII inhibitor KN93, but not the inactive analogue KN92, inhibited Ca 2ϩ /CaMstimulated actin phosphorylation by both CaMKII␣ and ␤. Actin phosphorylation by basal activity of CaMKII␤ was not inhibited (Figure 6A ), as expected, because KN93 is competitive with Ca 2ϩ /CaM (Sumi et al., 1991) and thus should not inhibit basal activity. Other inhibitors such as AIP or CaMKIINtide are not competitive with Ca 2ϩ /CaM, but bind to CaMKII only in the activated and not in the basal state (Ishida et al., 1995; Chang et al., 2001) . To further test actin phosphorylation by basal CaMKII␤ activity, mGFPCaMKII␤ wild type and the ATP-binding impaired mutant K43R from extracts of transfected Cos-7 cells were used (Supplemental Figure 3) . The K43R extract caused phosphorylation above background, indicating some residual kinase activity of this mutant; the alternative that actin bundling by CaMKII␤ activated another kinase seems less likely. Also, wild-type kinase extracts caused a higher degree of basal actin phosphorylation than both K43R extracts and extracts from mock-transfected cells (Supplemental Figure  3) . These results strongly support phosphorylation by basal activity of targeted CaMKII␤ and give a possible explanation why the two activation-deficient CaMKII␤ mutants A303R (CaM-binding impaired) and K43R (ATP-binding impaired) have opposite effects on dendritic arborization (Fink et al., 2003) .
Expression of CaMKII␤ Variants during Development and in Different Tissues
RT-PCR analysis showed similar expression of the splice variants CaMKII␤, ␤Ј, ␤e, and ␤eЈ in frontal cortex of rat brain on day 2 after birth, whereas ␤ dominated by day 14 and was even more prominent in adult brain ( Figure 7A ). This developmental switch is consistent with a previous report (Brocke et al., 1995) . However, CaMKII␤e expression is not eliminated during development (Brocke et al., 1999; Supplemental Figure 2) . Expression of CaMKII␤ variants was also detected in pancreatic islets and in skeletal muscle, but not in heart ( Figure 7B ). The major splice variant in skeletal muscle correspondend in length to CaMKII␤M (Bayer et al., 1998) , whereas the major variant in islets corresponded to CaMKII␤Ј. Identity of CaMKII␤Ј was confirmed by restriction digest ( Figure 7C ) and by direct sequencing of the RT-PCR product. Thus, skeletal muscle and islets expressed two different but F-actin-associated CaMKII␤ variants (cf. Figure 3) . Additionally, small amounts of ␤ and ␤eЈ transcripts were identified in islets, based on the length of two minor RT-PCR products (our unpublished data).
DISCUSSION
The isoform specificity of CaMKII␤ function in enhancing dendritic arborization and synapse density is thought to be mediated by CaMKII␤ binding to F-actin, a property not shared by the ␣ isoform (Fink et al., 2003) . Consistent with this isoform-specific binding, the CaMKII␤, but not the ␣ isoform, assembled with F-actin into large complexes, including bundles of parallel actin filaments. Most importantly, alternative splicing of CaMKII␤ regulated its localization to F-actin within cells. CaMKII␤ and ␤Ј, but not ␤e, associated with the actin cytoskeleton, indicating that the sequence encoded by variable exon v1 is necessary for the interaction (Figure 2 ). Alternative splicing of exon v1 depends both on cell type and developmental stage.
CaMKII␤e is the dominant splice variant before birth; CaMKII␤ becomes dominant between day 4 and 13 of postnatal rat brain development, both in cortex and hippocampus (Brocke et al., 1995) . Thus, alternative splicing of CaMKII␤ provides a developmental switch from a cytoplasmic to an actin cytoskeleton-associated isoform. The F-actin-binding CaMKII␤ enhances dendritic arborization and synapse formation (Fink et al., 2003) , and the timing of the developmental switch to this splice variant correlates with extensive synapse formation. Notably, the ␤e variant dominates at a time when the other major brain isoform, CaMKII␣, is not yet significantly expressed (Burgin et al., 1990; Bayer et al., 1999) . CaMKII␤e variant transcripts also were found also in mature rat brain. Thus, although there is a developmental switch in ␤ splicing, expression of ␤e is not eliminated during development. Indeed, ␤e transcripts have been detected previously in mature hippocampal CA1 pyramidal neurons by single cell RT-PCR (Brocke et al., 1999) . Four of 14 CaMKII␤-positive cells expressed ␤e transcripts, indicating differentially regulated alternative splicing even among mature neurons of the same cell type (Brocke et al., 1999) . Notably, splice variant expression seemed segregated, with only one cell expressing more than one ␤ splice variant (Brocke et al., 1999) . This segregation of expression may be functionally important, because CaMKII␤ coassembles also with nonactin binding isoforms and targets such heteromeric holoenzymes to the actin cytoskeleton (Shen et al., 1998) . CaMKII␣ can partially escape such coassembly and cotargeting, because its mRNA is targeted to dendrites (Burgin et al., 1990; Mayford et al., 1996) ; protein synthesis in a separate compartment then allows formation of homomeric holoenzymes. By contrast, coexpression of CaMKII␤ and ␤e would result in actin-targeted heteromers, which can be prevented by exclusive expression of only one variant within individual neurons. The mechanism for differential regulation of CaMKII␤ splicing even among individual neurons of the same cell type is presently unclear. However, regulation by synaptic stimulation is an intriguing possibility that may provide a novel form of long-lasting neuronal Figure 7 . The actin-binding CaMKII␤Ј is the dominant splice variant in rat pancreatic islets. Products from RT-PCR with CaMKII␤-specific primers flanking the variable region were separated by agarose gel electrophoresis. Grayscale-inverted images of ethidium bromide stains are shown. (A) Cortex and whole brain was analyzed at different days after birth (pn), as indicated. Assignment of CaMKII␤ splice variants to the bands was based on length and Brocke et al. (1995) . (B) CaMKII␤ splice variants were detected in brain, skeletal muscle, and pancreatic islets, but not in heart of adult rats. The variant detected in skeletal muscle corresponded in length to CaMKII␤M (and contained exon v1 sequences based on SacII digest; our unpublished data); the major variant detected in islets corresponded to CaMKII␤Ј. (C) The RT-PCR product from rat pancreatic islets was digested with enzymes that cut in different variable exons (Ϫ, no enzyme; v1, SacII; v3, BamHI; and v4, MseI) . Resistance only to MseI digest indicates lack of exon v4, corresponding to CaMKII␤Ј. SacII and BamHI digests yielded band of similar length, as expected for ␤Ј PCR amplificates (6 base pairs difference); the same digests of ␤ amplificates would differ by 49 base pairs. Identity of the RT-PCR product as ␤Ј was also confirmed by direct sequencing (our unpublished data).
plasticity. Synaptic plasticity indeed involves F-actin dynamics (Kim and Lisman, 1999; Fischer et al., 2000; Krucker et al., 2000; Star et al., 2002; Penzes et al., 2003; Okamoto et al., 2004 ; for review, see Lamprecht and LeDoux, 2004) , which may be differentially modulated by CaMKII isoforms with different actin association (Fink et al., 2003) .
In addition to neurons, CaMKII␤ gene expression was found in pancreatic islets and in skeletal muscle, but not in heart. The dominant ␤ transcript in skeletal muscle, CaMKII␤M, contains exon v1 (Bayer et al., 1998) and localized to the actin cytoskeleton in Cos-7 cells. However, the F-actin colocalization index for ␤M was lower than for ␤ and ␤Ј. This may reflect additional targeting of ␤M to other subcellular locations, possibly mediated by the putative binding sites for SH3 domains present in the 12-kDa ␤M-specific insert (Urquidi and Ashcroft, 1995; Bayer et al., 1998) .
The major CaMKII␤ transcript found in rat pancreatic islets was ␤Ј, which lacks exon v4 and was found to associate with the actin cytoskeleton. By contrast, previous studies in rat and human found predominant expression of CaMKII␤eЈ (Rochlitz et al., 2000; Tabuchi et al., 2000) , which additionally lacks exon v1 and did not associate with F-actin. This difference may be due to use of different rat strains (SpragueDawley versus Wistar), raising the possibility of variation also among individual humans. Notably, the two rat strains show some difference in their insulin secretion and response (Gaudreault et al., 2001; de Groot et al., 2004) . CaMKII is thought to regulate insulin secretion and production (Wasmeier and Hutton, 1999; Bhatt et al., 2000; Tabuchi et al., 2000; Osterhoff et al., 2003) , and it will be interesting to see whether and how these functions depend on actin association. CaMKII␦ may be the second major isoform in islets (Rochlitz et al., 2000; Osterhoff et al., 2003) ; however, it was not detected in all studies (Breen and Ashcroft, 1997; Tabuchi et al., 2000) . CaMKII␦ variants do not contain sequences homologous to exon v1, but the CaMKII␦ association domain has been reported to mediate localization of a GFP-fusion protein to the actin cytoskeleton (Caran et al., 2001 ). However, it should be noted that actin localization of CaMKII␦ was rather mild, and, in contrast to the CaMKII␤ localization observed here, became apparent only after fixation of the cells (Caran et al., 2001) .
CaMKII␤ bundled and cross-linked F-actin filaments. This suggests that CaMKII␤ holoenzymes can bind multiple Factin filaments simultaneously. Inactive holoenzymes form disk-like structures composed of two stacked hexameric rings (Kolodziej et al., 2000; Hoelz et al., 2003; Rosenberg et al., 2005) . Thus, at least two actin filaments should be able to bind to a holoenzyme without steric hindrance, one to each ring and at several possible angles to each other. A previous electron microscopic study detected binding of CaMKII to F-actin (Ohta et al., 1986) , but it did not describe crosslinking of filaments. However, the CaMKII preparation used in the study likely contained mostly the ␣ isoform (from a soluble, noncytoskeletal fraction of forebrain); small amounts of ␤ isoform present may have been sufficient to mediate some binding, but not bundling or cross-linking.
CaMKII␤ dissociates from F-actin upon Ca 2ϩ /CaM stimulation (Fink et al., 2003;  Figure 2 ). Thus, cross-linking of actin filaments by CaMKII␤ may play a role in Ca 2ϩ -regulated actin dynamics. However, such a possible direct structural function is presently unclear. Moreover, kinase activity is required for the morphogenic function of CaMKII␤ in enhancing dendritic arborization, because a kinase dead mutant (K43R) even had a dominant-negative effect (Fink et al., 2003) . By contrast, a CaM binding-deficient mutant (A303R) still enhanced arborization (Fink et al., 2003) , indicating a function of CaM-independent activity. Indeed, whereas both CaMKII␤ and ␣ phosphorylated actin upon Ca 2ϩ /CaM stimulation in vitro, only the F-actin-binding CaMKII␤ phosphorylated actin even by its nonstimulated basal activity. Binding to F-actin does not increase CaMKII␤ activity toward a soluble peptide substrate (Fink et al., 2003) , suggesting that targeting generated a high local substrate concentration that is sufficient to result in significant phosphorylation even by basal activity. Consistent with such interpretation, basal CaMKII activity is sufficient for autophosphorylation (at residues other than T286 in ␣ or T287 in ␤) (Colbran, 1993) . A previous study indicated that CaMKII can phosphorylate SynGAP also by basal activity when both proteins are bound to the adaptor protein MUPP1 (Krapivinsky et al., 2004) . Thus, a function of basal kinase activity after targeting may underlie the different effects of the two activity-or activation-impaired mutants (Fink et al., 2003) . Although the morphogenic effect of CaMKII␤ could involve direct phosphorylation of actin, it seems more likely that phosphorylation of other actin-bound regulatory proteins is required.
Previous studies showed that alternative splicing of CaMKII␤ modulates its Ca 2ϩ -spike frequency response (Bayer et al., 2002) . The results presented here show that alternative splicing also regulated the association of CaMKII␤ with the actin cytoskeleton, which is thought to underlie the specific morphogenic role of CaMKII␤ in neurons (Fink et al., 2003) . It will be interesting to elucidate how these two biochemical properties contribute to differential function of the CaMKII␤ splice variants, and how the alternative splice events are regulated.
